Aims: One potential risk factor for posttraumatic stress disorder (PTSD) involves the low activity (short; s) allelic variant of the serotonin transporter-linked polymorphic region (5-HTTLPR), possibly due to reduced prefrontal control over the amygdala.
| INTRODUCTION
Posttraumatic stress disorder (PTSD) is a burdensome disease characterized by re-experiences of the traumatic event, avoidance of stimuli related to the trauma, and increased arousal and irritability. 1 One gene that has been associated with increased risk to PTSD under conditions of severe stress is the 5-HTT-linked polymorphic region (5-HTTLPR).
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The low activity short (s) allelic variant of this polymorphism has been linked to increased fear acquisition 3 and reduced fear extinction. 4 The latter is seen as a hallmark of PTSD. 5 Furthermore, fear extinction has been attributed to reduced prefrontal cognitive control over the amygdala, 6 and this brain phenotype has been found in healthy 5-HTTLPR s-allele carriers. 7 The mechanism(s) in the prefrontal cortex and amygdala underlying the fear extinction deficit in s-allele carriers are to date not fully clear.
There is accumulating evidence showing that epigenetic mechanisms, especially DNA methylation/demethylation, are vital for the extinction of fear memory. [8] [9] [10] [11] [12] The mammalian DNA methylations occurred on cytosine (5mC). 5-mC is converted by 10-11 translocation (TET) family proteins into 5-hydroxymethylcytosine (5-hmC), the hydroxylated form of 5-mC. These modified bases may then function as DNA demethylation intermediates subject to deamination, glycosylase-dependent excision, and repair resulting in a reversion back to unmodified cytosine. 13 As DNA methylation/demethylation varies across tissues, rodents-which allow investigation of experimentally obtained brain tissue-are particularly suited to investigate the epigenetic mechanisms associated with fear extinction. In support for a role of DNA methylation in fear extinction, it has been demonstrated that pharmacological inhibition of amygdala DNA methyltransferases (DNMTs) activity resulted in deficits in fear memory. 9 Given that 5-mC is often associated with transcriptional silencing of genes, a decrease in 5-mC as a consequence of DNMT inhibition hypothetically leads to an upregulation of gene expression, which then may interfere with fear memory (re)consolidation. 14 There is also a relationship between demethylation and fear extinction. The overexpression of TET1 or a catalytically inactive mutant (TET1 m) resulted in impaired expression of contextual fear. 11 Furthermore, TET1 knockout mice exhibited impaired fear extinction. 10 The TET1 knockout animals showed significant upregulation of general 5-mC and downregulation of general 5-hmC, and the neuronal activity-regulated gene c-Fos was downregulated in cortex and hippocampus. 10 In response to fear extinction learning and fear extinction, a Tet3-mediated accumulation of 5-hmC has been observed, which led to a permissive epigenetic state. 12 These studies demonstrate that fear extinction is, at least in part, dependent on or regulated by changes in methylation and demethylation.
Could changes in methylation and demethylation contribute to ) rats and mice show normal fear acquisition but impaired fear extinction (recall), 16, 17 and structural and functional changes in the prefrontal cortex and amygdala. [16] [17] [18] [19] Hence, 5-HTT −/− rodents can be of help to elucidate whether DNA methylation/ demethylation contributes to the fear extinction deficits and risk for PTSD associated with the 5-HTTLPR s-allele.
Based on the aforementioned data, we hypothesized that impaired fear extinction in those characterized by inherited 5-HTT downregulation is related to changes in general DNA methylation and/or demethylation and c-Fos expression in the prefrontal cortex and/or amygdala. To test this explorative hypothesis, we subjected 5-HTT −/− rats and wildtype controls to fear conditioning and subsequent fear extinction testing.
Using a complementary immunohistochemistry study, we investigated in the prefrontal cortex and amygdala the expression of the neuronal activity marker c-Fos to assess its association with changes in general DNA methylation and demethylation as previous study established. 20 and have been described previously. 21 All animals (nonlittermates) were 3 months old and weighing 280-320 g.
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| MATERIALS AND METHODS
| Animals
The rats had ad libitum access to food and water. A 12-hour light-dark cycle was maintained, with lights on at 08.00 am. ) with a 1 minute interval, preceded F I G U R E 1 Rats were exposed to 5 tone-shock pairings. Data are expressed as mean ± SEM of percentage of freezing during tone (CS) presentation and followed by 2 minutes of habituation and consolidation, respectively. In a separate group of rats (n = 8 each), we found that freezing during conditioning does not differ across genotypes (Figure 1 ).
| Fear conditioning and extinction
To measure cued fear extinction, the rats were tested in a room and in chambers that were different to those used during conditioning.
We tested , and (iv) nonfear extinction 5-HTT +/+ (n = 6 each). After a habituation period of 2 minutes, the animals were exposed to the CS 24 times without shock in a period of 15 minutes. Nonextinction animals were exposed to the extinction context for an equal duration of time as fear extinction rats without exposure to the CS. The details of the freezing measurement have been described in our previous publications. 18, 22 In short, conditioned freezing of the rats was manually scored using homemade behavioral observation software. The behavioral software provided event logging functionality, similar to "Noldus Observer." The observers were blind to subject genotype and housing conditions. Freezing behavior was defined as complete lack of movement except for the muscle movements needed for respiration. The freezing was expressed as percentage of time spent on freezing during CS presentation (or as percentage of the pre-CS period). Freezing was only measured for the fear extinction groups; CS-induced freezing was absent in the nonextinction animals.
| Brain tissue processing
Two hours after the start of the extinction session, the animals were 
| 5-mC, 5-hmC and c-Fos immunoreactivity
The experiment was performed in a blinded fashion. The sections 
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The next day, the sections were immersed into a second antibody 
| Image analysis
The microscope (Zeiss Axioskop Plan-NEOFLUAR Zeiss objectives, Carl Zeiss GmbH, Jena, Germany) had a motorized scanning stage (Märzhäuser, Wetzlar, Germany) and was connected to a camera (SonyXC-77CE) with a × 20 objective in front. To get the same amount of light, the intensity of light was adjusted for unstained control areas.
The collected images were transformed into optical density (OD) images by use of a standard transformation curve. The number of c-Fos-positive cells was counted in the same brain regions (IL, PrL, BLA and CA) using a drawn overlay that corresponded to the shape and size of each brain area.
| Statistics
Statistical analyses were carried out using SPSS Statistics 21.0 (SPSS Inc, Chicago, IL). The statistical power for independent t-tests was tested by PASS 13.0 (NCSS, LLC, Kaysville, UT). We found that the data were not always normally distributed. Therefore, log10 transformation was applied to the original data. Baseline freezing behavior in the 2 minutes prior to CS-exposure in the extinction sessions was analyzed using an independent Student's t-test. CS-induced freezing 
| RESULTS
| Condition freezing
A group of rats (n = 8 each) was included to measure fear conditioning.
We found that the freezing during conditioning did not differ across genotypes (Figure 1) . No significant trial-block effect was observed for conditioned freezing (F (4,56) = 0.288, P = 0.791), nor a significant genotype x trial-block effect (F (4,56) = 0.824,P = 0.468).
| Fear extinction
No differences in pre-CS freezing were observed during the extinction session (T (10) = 0.000, P = 0.996; see Figure 3 ). In contrast, a significant trial-block effect was observed for CS-induced freezing (F (7, Abbreviations: a, the azygous pericallosal artery; CPu, caudate and putamen; fmi, forceps minor of the corpus callosum
8 (F (1,12) = 4.412, P = 0.062), compared to their wild-type counterparts (Figure 3 ).
| c-Fos-ir
As illustrated in Figure 4 , fear extinction had no effect on the num- 
| 5-hmC-ir
Fear extinction had no effect on the total area covered by 5-hmC-ir in the PrL (genotype F (1, 19) ( Figure 5D ).
| 5-mC-ir
Regarding 5-mC-ir, we did not observe any genotype or fear extinction effects in the Prl cortex (genotype F 
| Correlations
A positive correlation was observed between c-Fos-ir and 5-mC in the Prl of 5-HTT −/− rats (Table 1) . No significant correlation was found between 5-mC, 5-hmC, c-Fos within the PFC and amygdala of the same rats.
| DISCUSSION
In line with previous findings from our group 18,22,31 and others, Bold indicate statistical significance (*P < 0.05.
expression in the IL cortex. [32] [33] [34] This region plays a critical role in both extinction learning and its extinction recall. 35, 36 Thus, reversible IL cortex inactivation in rats shortly prior to extinction training resulted in impaired fear extinction and consolidation of the extinction memory. 35 We found no genotype and extinction differences in c-Fos immunoreactivity in the PrL cortex, a region involved in the expression of fear. 35, 37 This is somewhat unexpected, as the PrL is involved in the expression of fear. 38 Possibly, other immediate early gene markers are needed to uncover a difference between extinction and no-extinction groups. In the CA, which is critically involved in fear expression, 39 c-Fos immunoreactivity was increased in the fear extinction group compared to the no-fear extinction group, regardless of genotype. 16 Increased neural activity within the CA corresponds to the freezing response of the animals. 6 As the animals were sacrificed 2 hours after the start of the extinction session, the lack of genotype difference may relate to the lack of freezing differences at the start of the session. Together, these observations suggest that abnormal IL cortex function may contribute to impaired fear extinction in 5-HTT −/− animals.
The normalization of reduced 5-hmC in the amygdala after fear extinction in 5-HTT −/− rats fits the report that extinction training induced the expression of synaptic signaling genes along with 5-hmC peaks.
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Possibly, increased or altered gene expression in the amygdala during fear extinction due to higher levels of 5-hmC is related to an active process attempting to silence the emotional value of the CS or to form an extinction memory in 5-HTT −/− animals. It is not likely that genotype differences in 5-hmC in the amygdala are related to differences in the strength of the fear memory or baseline freezing, given that we (see materials and methods section) and others did not observe 5-HTT genotype differences in these measures. 16, 17 In the Prl and IL, no genotype and fear extinction effects for 5-mC (Table 1) . This implies that c-Fos is either an upstream or a downstream factor in the regulation of DNA methylation, although neither 5mC nor c-Fos was different between genotypes in the Prl.
Future research is required to further investigate these potential relationships.
This study has some limitations. Firstly, we did not include female rats, while PTSD is more prevalent in females compared to males. Jansen, unpublished findings), which is in line with current findings. Future studies should also elucidate the specific gene promoters at which the amygdala changes in 5-hmC levels in response to fear extinction take place. Candidate genes are those encoding for BDNF 42, 43 and gamma-aminobutyric acid (GABA) signaling components 44 and the glucocorticoid receptor. 45, 46 Finally, given that PTSD is associated with fear extinction deficits due to impaired recall of the fear extinction memory, 47 a similar study should be followed up to investigate the association between epigenetic mechanisms and the recall of the fear extinction memory in 5-HTT −/− rats. analysis, and interpretation of data.
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